Root architecture results from coordinated cell division and expansion in spatially distinct cells of the root and is established and maintained by gradients of auxin and nutrients such as sugars. Auxin is transported acropetally through the root within the central stele and then, upon reaching the root apex, auxin is transported basipetally through the outer cortical and epidermal cells. The two Gbg dimers of the Arabidopsis thaliana ½AQ1 heterotrimeric G protein complex are differentially localized to the central and cortical tissues of the Arabidopsis roots. A null mutation in either the single b (AGB1) or the two g (AGG1 and AGG2) subunits confers phenotypes that disrupt the proper architecture of Arabidopsis roots and are consistent with altered auxin transport. Here, we describe an evolutionarily conserved interaction between AGB1/ AGG dimers and a protein designated N-MYC DOWNREGULATED-LIKE1 (NDL1). The Arabidopsis genome encodes two homologs of NDL1 (NDL2 and NDL3), which also interact with AGB1/AGG1 and AGG1/AGG2 dimers. We show that NDL proteins act in a signaling pathway that modulates root auxin transport and auxin gradients in part by affecting the levels of at least two auxin transport facilitators. Reduction of NDL family gene expression and overexpression of NDL1 alter root architecture, auxin transport, and auxin maxima. AGB1, auxin, and sugars are required for NDL1 protein stability in regions of the root where auxin gradients are established; thus, the signaling mechanism contains feedback loops.
INTRODUCTION
Root architecture, which is the combination of root length and the position and density of lateral roots, is influenced by intrinsic and environmental signals and has become a model for studying developmental plasticity (Malamy, 2005) . Any root architecture particular to the soil develops to maximize the efficiency of water and nutrient uptake. The length of the root is established primarily by the rate at which stem cells of the root apical meristem (RAM) produce cell derivatives but also by the rate at which those cell derivatives subsequently elongate (Beemster and Baskin, 1998; Ueda et al., 2005) . The position and number of lateral roots is established by paracrine (cell to nearby cell) signals originating from vascular cells designated xylem elements (Dubrovsky et al., 2000 (Dubrovsky et al., , 2001 , by the position within a gradient of the plant hormone auxin, and by nutrients including sugars, minerals, and some amino acids (Lejay et al., 1999; Forde, 2002; Gibson, 2005; Forde and Lea, 2007; Gutierrez et al., 2007; Karthikeyan et al., 2007; Zhang et al., 2007; Peret et al., 2009; Rubio et al., 2009) . Lateral roots form through a concerted set of cell divisions of a founder cell population within a tissue called the pericycle that abuts the central vascular cylinder (Malamy and Benfey, 1997) .
Arguably, the best understood signal determining root architecture is auxin. The dynamic flow and gradient of auxin is established, in part, by polarized transport from the aerial tissues down through the central cylinder of vascular cells of the root to the root tip and by auxin synthesized by the root apex (Petersson et al., 2009 ). This so-called acropetal auxin transport becomes basipetally oriented after it reaches the root tip where it then travels back toward the shoot through the outer cortical cells of the root (Jones, 1998) . The position and activity of a small family of membrane proteins designated PIN-formed (PIN) proteins are critical for this pattern of auxin flux (Blilou et al., 2005; Petrasek et al., 2006; Wisniewska et al., 2006; Zazimalova et al., 2007; Mravec et al., 2009 ) and together with autonomous auxin synthesis at the root tip and auxin deactivation reactions at other locations, polarized auxin transport drives a defined auxin gradient with predicted localized maxima (Grieneisen et al., 2007; Petersson et al., 2009 ). This auxin gradient pattern changes in response to signals, such as gravity, touch, and presumably other environmental cues, resulting in different root architecture (Forde, 2002; Malamy, 2005; Forde and Lea, 2007) . Despite the importance of manipulating root architecture for agricultural benefit and its use as a model for developmental plasticity, the complete molecular network for any of these pathways affecting root architecture remains incomplete.
U n c o r r e c t e d P r o o f
Previously, we showed that the heterotrimeric G protein couples unidentified signals in the Arabidopsis thaliana root to elements regulating cell proliferation and lateral root primordia formation (Ullah et al., 2001 (Ullah et al., , 2003 Chen et al., 2006a; Trusov et al., 2007) . Furthermore, we presented a working model whereby (1) the G protein heterotrimeric complex acts to attenuate cell proliferation in the RAM, (2) the activated Ga subunit (Arabidopsis GPA1) stimulates cell proliferation in the RAM by shortening the G1 phase of the cell cycle, and (3) the Gbg dimer reduces cell division in the pericycle tissue possibly by blocking reentry into the cell cycle. This action involves, in part, transcriptional regulation since the Gbg dimer represses ;25% of the auxin-induced genes in the root, including genes essential for lateral root development (Ullah et al., 2003) .
It is well established in animals that upon activation of the heterotrimeric G protein complex and the consequent release of the Gbg dimer from the complex, Gbg interacts with cognate cytoplasmic effectors to propagate signaling that is initiated extracellularly. The importance of Gbg in the propagation of signaling has been firmly established in plants; however, not a single cognate Gbg effector has been identified. While mammals have five Gb subunits and 12 Gg subunits, Arabidopsis has a single gene encoding Gb (AGB1) and at least two genes encoding Gg subunits (AGG1 and AGG2). Well-known Gbg effectors in animals are phosducin, potassium channels, phospholipases, adenyl cyclases, mitogen-activated protein kinases, and phosphoinositol-3-kinase (Crespo et al., 1994; Tsukada et al., 1994; Xu et al., 1995; Akgoz et al., 2002; Zhao et al., 2003; Kino et al., 2005; Rebois et al., 2006; Chen et al., 2008) .
Characterization of agb1, agg1, and agg2 null mutants revealed that there is considerable phenotypic overlap and that AGB1/AGG dimers propagate signaling in various physiologies, including cell division, lateral root development (Chen et al., 2006a) , biotic and abiotic stress (Booker et al., 2004; Trusov et al., 2006; Wang et al., 2007) , hormone signaling (Ullah et al., 2003; Pandey et al., 2006; Chen et al., 2009) , and touch sensing (Weerasinghe et al., 2009) . Recent detailed analysis of these mutants also points to the significant differences between them, raising the possibility that Arabidopsis GPA1 and AGB1 can act independently of AGG1/AGG2 or that there exists undiscovered AGG subunits in Arabidopsis (Trusov et al., 2008) .
Although it is well established that various pathways (e.g., auxin, abscisic acid, D-glucose, jasmonic acid, fungal defense, and O 3 ) are modulated by AGB1/AGG signaling, the molecular components of Gbg signaling remain recondite (Temple and Jones, 2007; Ding et al., 2008) . Some of the specificity for this myriad of signaling pathways is imparted by tissue-specific expression of the AGG subunits. For example, while AGB1 has a broad expression pattern throughout the root, AGG1 is expressed within the stele, while AGG2 is expressed in the root cortex. Because of differences in lateral root phenotypes between null mutants of agg1 and agg2, Trusov et al. (2007) proposed earlier that the AGG subunits provide functional selectivity that, in concert with AGB1, acts as a negative regulator of lateral root formation in specific root layers.
AGB1/AGG regulates multiple developmental processes ( Lease et al., 2001; Ullah et al., 2003; Peskan-Berghofer et al., 2005; Chakravorty and Botella, 2007) . To identify the components of AGB1/AGG signaling, we performed yeast interaction mating using the AGB1/AGG2 dimer as a bait to screen for physical interactors in Arabidopsis cDNA expression libraries. We found a protein designated here as N-MYC DOWNREGU-LATED-LIKE1 (NDL1), which is similar to mammalian N-myc Downregulated (NDR) proteins, although the precise molecular function of NDR proteins is unclear (Zhou et al., 2001; Qu et al., 2002) .
In plants, an NDR-like protein (SF21) was originally reported from sunflower (Helianthus annuus) as a transmitting tissue and pollen-localized protein, but no function was revealed (KrauterCanham et al., 1997) . SF21 is a member of a multigene family showing multiple alternative and organ-specific splicing transcripts (Lazarescu et al., 2006) and ubiquitous expression in all plant organs, suggesting a housekeeping functionality.
In this article, we report the following.
(1) NDL proteins interact with the AGB1/AGG1 and AGB1/AGG2 dimers in Arabidopsis and that this interaction is evolutionarily conserved. (2) NDL proteins are positive effectors of primary root growth and lateral root formation. (3) NDL proteins positively modulate basipetal and negatively modulate acropetal auxin transport in an AGB1-dependent manner. (4) NDL1 together with AGB1 regulate primary root length and lateral root density through modulation of auxin transport possibly by regulating auxin transport carrier proteins like PIN2 and AUX1. (5) Steady state NDL1 protein level is dependent on auxin in a concentration-dependent manner and dependent on the presence of AGB1, auxin, and D-glucose, indicating a feedback mechanism of action.
RESULTS

NDL Proteins Are Novel Interacting Partners of AGB1 and Arabidopsis Regulator of G Protein Signaling Protein
We identified a novel AGB1/AGG2 interacting protein using a stream-lined, yeast three-hybrid protein complementation assay wherein the AGB1/AGG2 dimer served as bait to interrogate three Arabidopsis cDNA prey libraries. One candidate interactor, designated NDL1, was confirmed by cotransformation of yeast strain AH109 with individual bait and prey constructs. NDL1 also interacted with AGB1/AGG1 in yeast ( Figure 1A ). Mouse NDRG1 interacted with plant AGB1/AGG1 and AGB1/AGG2 ( Figure 1A ), suggesting that this interaction is evolutionarily conserved throughout metazoans. Protein interaction was detected in yeast irrespective of the presence or absence of Met in the media ( Figure 1A ). Because expression of AGG2 from the bait vector is repressed by Met, this interaction in the absence of AGG2 suggests either that the physical interaction with AGB1 does not involve a Gg subunit or that the yeast Gg subunit (Ste18) complements the loss of AGG1/AGG2 in the presence of Met. Typically, Gb subunits are unstable in the absence of Gg. Therefore, for simplicity, we will refer to NDL1 here as an AGB1/AGG-interacting protein, while recognizing that we have only formally shown that NDL1 interacts with the AGB1 subunit.
Coimmunoprecipitation demonstrated that NDL1 and AGB1 proteins can physically interact in planta ( Figure 1B) . Nicotiana benthamiana leaves were coinfiltrated with plasmids expressing U n c o r r e c t e d P r o o f the coding regions of AGB1 and NDL1 fused with FLAG and cyan fluorescent protein (CFP) epitopes, respectively (noted as F-AGB1 and C-NDL1 in Figure 1B ). Immunoprecipitation with antibodies to green fluorescent protein (GFP ½AQ2 ) coimmunoprecipitated FLAG-tagged AGB1, and immunoprecipitation with anti-FLAG antibodies coimmunoprecipitated CFP-tagged NDL1 protein ( Figure 1B , lanes 1 and 2, arrowheads); no specific protein was immunoprecipitated when extracts from untransformed tobacco leaves were used ( Figure 1B, lane 3, brackets) . We also used a glutathione S-transferase (GST)-tagged version of NDL1 for immunoprecipitation with FLAG-tagged AGB1 and found that anti-FLAG antibodies coimmunoprecipitated GSTtagged NDL1 (see Supplemental Figure 1 online). (A) Yeast strain AH109 was transformed with two plasmids: the pBridge (DNA-BD) vector containing AGB1/AGG1 or AGB1/AGG2 and the Gal4ACTD conjugated construct having NDL1, NDL2, NDL3, or NDRG1 (mouse NDRG1). The cells were grown on SC medium lacking Trp, Leu, His, and adenine (-W-L-H-Ade) or SC-W-L-H medium minus Met to repress AGG expression (-W-L-M-H). All three NDL proteins interacted with AGB1+AGG2/or AGG1 in a yeast three-hybrid assay. Interactions were scored on the basis of activation of the HIS3 reporter gene, X-gal staining, and presence or absence of Met. Single-domain controls: strain AH109 was transformed with single-domain plasmids alone and grown on selection. Using the same approach, the interactions of the prey set were also tested against the C-terminal cytoplasmic domain (C4) of Arabidopsis RGS1. (B) AGB1 and NDL1 interaction in planta. After 22 h of Agrobacterium tumefaciens-mediated transient expression of FLAG:AGB1 (F-AGB1) and CFP:NDL1 (C-NDL1) in wild-type N. benthamiana leaves, total protein was isolated and was immunoprecipitated with anti-FLAG (for AGB1) and anti-GFP (for NDL1) antibodies. Immunoprecipitated (IP) proteins were detected by immunoblotting with the indicated antibody (IB). Lane 1, IP of NDL1 with anti GFP antibodies; lane 2, IP of AGB1 with anti FLAG antibodies; lane 3, wild-type N. benthamiana extract (N.B) IP with anti FLAG. NDL1 coimmunoprecipitates with AGB1, and the reciprocal coimmunoprecipitation also occurred (lanes 1 and 2). Arrowheads indicate the position of NDL1 and AGB1. Brackets highlight the absence of AGB1 in the control. Protein masses are indicated at the left side of the immunoblots (in kilodaltons). 
U n c o r r e c t e d P r o o f
Arabidopsis Regulator of G Protein Signaling (RGS1) is a seven-transmembrane protein known to interact with GPA1. Therefore, we tested RGS1 interaction with NDR proteins from Arabidopsis and mouse. The C-terminal domain of RGS1 (249 to 459 amino acids), which was previously shown to interact with GPA1, was cloned as bait Johnston et al., 2007; Grigston et al., 2008) . NDL1, NDL2, NDL3, and mouse NDRG1 interacted with the C-terminal domain of RGS1 in the yeast two-hybrid configuration ( Figure 1A ), raising the possibility that RGS1 is a candidate seven-transmembrane receptor in AGB1/NDL-mediated signaling. has 48% similarity and 29 to 30% identity with human homologs NDR1, NDR2, and NDR3 (see Supplemental Figure 2 online). The Arabidopsis genome encodes two additional proteins (designated here as NDL2 and NDL3) sharing ;75% amino acid identity with NDL1. As with NDL1, both NDL2 and NDL3 showed positive interaction with AGB1/AGG ( Figure 1A ), suggesting that all members of the NDL family could participate in Gbg signaling. Phylogenetic analysis revealed that all plant NDR-like members form a clade separate from other eukaryotic NDR proteins in an unrooted tree ( Figure 1C , red circle; see Supplemental Figure 2 and Supplemental Data Set 1 online). All plant NDL protein sequences except the one from the alga Ostreococcus tauri share >70% identity. For example, NDL1 is 74 and 75% identical, respectively, to putative orthologs in rice (Oryza sativa) and sunflower, whereas O. tauri is only 33% identical with Arabidopsis NDL1. All three Arabidopsis NDL proteins have an NDR domain ( Figure 1D , red residues), an a/b hydrolase fold ( Figure  1D , underlined residues), a conserved hydrophobic patch of 23 amino acids ( Figure 1D , green residues), and a conserved Asp ( Figure 1D, boxed) . The presence of all of these features strongly suggests that the plant NDL proteins belong to the NDR protein family.
NDL Proteins from Plants
More specifically, domain searches of NDL1 using various databases (see Methods) predict NDL1 to be a member of the esterase/lipase superfamily. Members containing the NDR domain are found in a wide variety of multicellular eukaryotic proteins, although the precise molecular function of members of this family is unknown. The a/b hydrolase fold is common to several hydrolytic enzymes of different origin and catalytic function (Ollis et al., 1992) .
The consensus fold determined by the BioInfoBank MetaServer (http://meta.bioinfo.pl/) for NDL1 was that of an a/b hydrolase (Renault et al., 2005) . All 20 of the top MetaServer candidates were different a/b hydrolase structures, with little variation in the 3-D Jury consensus score (Ginalski et al., 2003) . Homology models based on the templates identified by the MetaServer were built using the Insight-II Molecular Modeling System (www.accelrys.com) and then evaluated for structural integrity using the Profiles-3D module. Scores above 0.1 indicate valid protein structures, while higher scores indicate more accurate predicted structures with high confidence. Correct experimental structures score near 1.0. The normalized Profiles-3D score ranged from 0.17 for the model based on template 1WOM. pdb (Kaneko et al., 2005) to 0.55 for the model based on template 2PU5.pdb (Horsman et al., 2007) . The model with the highest Profiles-3D score had the better fold and was selected as the final structural model for the NDL1 protein ( Figure 1E) . The resulting molecular model lacks the characteristic catalytic triad that provides the basis of enzymatic activity of the a/b hydrolase superfamily. For comparison, the template 2PU5.pdb (protein BphD of the bacteria Burkholderia xenovorans) containing the catalytic triad S112, D237, and H265 is shown ( Figure 1F , colored red). At the conserved S, D, H triad of the a/b hydrolase model T, S, S, respectively, was found in NDL1 ( Figure 1D, arrowheads) . Although the catalytic triad is missing, the NDL1 protein model has a catalytic pocket and a conserved Asp within this pocket (TYPDxALN, Figures 1D, boxed, and 1E, red) . This Asp residue is conserved in all NDR proteins (see Supplemental Figure 2 , red arrow for conserved D). There is an overlying hydrophobic patch/ flap covering the catalytic pocket ( Figure 1E , purple). Recombinant NDL1 protein lacked reproducible lipase or esterase activity under conditions described in Methods using two standardized esterase lipase assays (Furukawa et al., 1982; Yang et al., 2002) .
NDL1 Is a Ubiquitously Expressed Gene Encoding a Cytoplasmic Protein with Informative Protein Distribution Patterns in Roots
Searches of public databases of NDL1 gene expression profiles revealed high (values $7000) ubiquitous expression with a relative maximum in pollen (see Supplemental Figures 3A and 3B online). Both AGB1 and NDL1 genes showed a similar relative distribution of expression among tissues. AGB1 gene expression, albeit at 10-fold lower levels, overlapped the NDL1 expression profile (see Supplemental Figure 3B online). NDL2 and NDL3 overall had patterns of expression that were different from that of NDL1. For example, NDL3 showed maximum expression in the shoot apex (see Supplemental Figure 3B online).
Quantitative real-time PCR (qRT-PCR) analysis of mRNA isolated from different organs confirmed expression of NDL1 in reproductive (flower) as well as vegetative (stem, root, and leaves) tissues with highest expression in flowers (see Supplemental Figure 3C online).
Spatial localization of the steady state levels of NDL1 protein at the tissue level were investigated using translational fusions with b-glucuronidase (GUS). Data from at least three independent, translational fusion lines were analyzed, and representative patterns are shown in Figure 2 . NDL1 was observed at the radicle and young root tips (Figure 2A , arrow) and at higher steady state levels in emerging cotyledons at the base of the root-shoot junction ( Figure 2B , arrow, 2-to 3-day-old seedling). Ten-day-old, light-grown leaves showed high levels in veins, ground tissue ( Figure 2C ; see Supplemental Figures 3D and 3E online), stipules, and at the base of trichomes (Figures 2D and 2E) . Detailed cellular analysis of leaf tissue showed high NDL1 levels in the vasculature as well as in the mesophyll; however, NDL1 was absent from stomata (see Supplemental Figures 3D and 3E online, see arrows, transverse and oblique paradermal U n c o r r e c t e d P r o o f section of mature leaf). In soil-grown mature plants, GUS staining was detected in flowers, specifically in mature stamens, in various regions in the cytoplasm of the dry and germinating pollen grains ( Figures 2F to 2K ).
An informative localization pattern was observed around the meristem in the root. Histochemical GUS staining in the primary and lateral root tips showed strong staining for NDL1 protein in the quiescent center (see Supplemental Figure 3F online, arrow) and other cell layers in the central elongation zone, with a relatively higher level in the endodermis and pericycle (Figures 2L to 2O, red arrows pointing to pericycle). A gradient of NDL1-GUS staining was observed to be the highest in the central elongation zone in all the cell layers ( Figure 2O ; see Supplemental Figure 3F online) and decreasing from the endodermal layer toward the differentiation zone. Steady state NDL1 protein level was high within the vasculature in the upper parts of the mature root (see Supplemental Figure 3G online). NDL1 localization was observed in the initial stages of lateral root primordia formation (Figures 2P to 2S, stage I to IV, arrows pointing toward new cells generated by anticlinal divisions). Similar layer-specific patterning was U n c o r r e c t e d P r o o f observed for lateral roots (see Supplemental Figure 3H online). This pattern of localization was similar to AGB1 expression (Chen et al., 2006b; Trusov et al., 2008) .
In silico prediction of the subcellular localization of NDL1 using TargetP (Emanuelsson et al., 2000) reported that this protein lacks obvious organelle targeting sequences. Expression of C-terminal, GFP-tagged NDL1 under the transcriptional control of the NDL1 promoter (ProNDL1-NDL1-GFP) showed localization of this protein in punctate cytoplasmic structures ( Figure  3A , arrows). The cytoplasmic localization of NDL1 was further confirmed by transiently expressing (35S-NDL1) N-and N/Cterminal GFP fusions (Karimi et al., 2002) in tobacco (N. benthamiana; Figures 3E and 3F ). In addition, the similar localization pattern of both N-and C-tagged NDL1 in Arabidopsis epidermal and in tobacco pavement cells (Figure 3 ) suggest that the NDL1 localization is determined by a sequence internal to NDL1 proteins, driven by interaction with the membrane-delimited Gbg dimer.
AGB1 Is Essential for Posttranslational Protein Stability of NDL1 in the Root Meristems
Both NDL1 protein and AGB1 transcript were at their highest level in the RAM during the early stages of development (Figures 4A to 4F), but unlike NDL1, AGB1 was not more prominently expressed in the distal endodermal and pericycle layers (cf. arrows in Figures Since NDL1 localization shares nearly the same regions of the root tip as AGB1 expression and because AGB1 and NDL1 physically interact, we hypothesized that NDL1 requires its partner, AGB1, either to regulate NDL1 levels or to be stable posttranslationally. Therefore, we determined the level of NDL1 gene expression in the absence of AGB1 (agb1-2, described in Ullah et al., 2003) using qRT-PCR and found that NDL1 expression levels were similar to those in the wild type ( Figure 5D ). In order to study any posttranslational effect, we determined the level of NDL1 protein in the absence of AGB1. In early stages of root development in agb1-2 roots, NDL1 was excluded from the primary root tip although still expressed at the root-shoot junction (cf. bracket in Figure 4A with that in Figure 4G ; cf. Figures 4B and 4H). NDL1 protein was only weakly detectable in lateral root primordia ( Figure 4I ) and elongated roots (see Supplemental Figures 4C and 4D online) in agb1-2. This indicates that AGB1 is required for a high steady state level of NDL1 protein around the primary and lateral root meristems. Note that NDL1 protein was at normal levels in other root tissues lacking AGB1. For example, vasculature of mature roots showed detectable NDL1 protein levels in agb1-2 roots ( Figure 4I ; see Supplemental Figures 4C and 4D online). The nonspecific protease inhibitor MG132 (100 mM, 4 h) restored NDL1 protein levels close to wild-type levels in the primary root (cf. Figures 4B and 4J ) , and the lateral root showed restoration of protein stability to a level lower than that of the wild type after 4 h of treatment (cf. Figures 4C and 4K) . The latter results suggest that AGB1 has a role in posttranslational stability of NDL1. Two independent transcript-null alleles for NDL1, ndl1-1, and ndl1-2 were isolated from a T-DNA insertion population (see Supplemental Figures 5A and 5B online). Single ndl1 lossof-function mutants (ndl1-1 and ndl1-2) did not display gross developmental defects (see Supplemental Figure 5C online). However, the loss-of-function mutant (ndl1-2) had a slightly shorter primary root length with wild-type lateral root density ( Figures 5A and 5B ). Since NDL1 has two highly similar homologs, we sought available T-DNA insertion alleles for NDL2 and NDL3 from public resources but determined that these were not transcript-null alleles. Therefore, reduced expression of the entire NDL gene family was accomplished using two sets of microRNAs (miRNAs) that independently target the three NDL members (see Supplemental Figure 6 online for miRNA design; see Figure 5D for NDL mRNA levels). Hereafter, for simplicity, these NDL-reduced lines will be referred to as ndlM1 and ndlM2. At least six transgenic lines transformed from each of these two miRNA targets showed similar phenotypes, and two were chosen for further characterization. The length of agb1-2 primary roots was 2.9-fold greater than wild-type roots, while the root length of the ndlM1 and ndlM2 lines was slightly, yet statistically significantly, less than wild-type roots ( Figure 5A ). Primary root growth was somewhat compromised in the ndlM1/M2 lines. Lateral root density was less for the single ndl1-2 null mutant than for the wild type, although this reduction was not supported statistically. However, in lines with reduced expression of all three NDL homologs, lateral root density was reduced at least 2.7-fold (P < 0.005). This effect is in contrast with the agb1-2 mutants, which showed a 1.4-fold increase compared with the wild type ( Figure 5B ; Chen et al., 2006a) . For both primary root length and the lateral root density phenotypes, the agb1-2 allele is possibly additive to the ndl1-2 allele and to ndlM2 (cf. agb1-2, ndlM2, and ndlM2 agb1-2 in Figures 5A and 5B). Overexpression of NDL1 by the native NDL1 promoter in wild-type roots resulted in increased primary root length with no significant effect on lateral root density ( Figures 5A and 5B) .
Auxin-induced lateral root formation was also determined. Reduction of NDL expression in Columbia-0 (Col-0) decreased the number of lateral roots 1.4-fold compared with the wild-type control, whereas agb1-2 mutants showed an increase of 1.5-fold ( Figure 5C , compare open and closed bars), consistent with previous findings by Ullah et al. (2003) . Reduction of NDL gene expression in the agb1-2 mutant (agb1-2 ndlM2) slightly diminished auxin induction of lateral root formation ( Figure 5C , 1.2-fold compared with >1.5-fold for agb1-2).
AGB1 was shown to be a negative regulator of lateral root formation (Ullah et al., 2003) , and our data indicate that NDL proteins act redundantly as positive effectors of root growth and U n c o r r e c t e d P r o o f lateral root formation ( Figures 5A and 5B ). Epistasis analysis suggests that NDL proteins and AGB1 have independent actions. However, since AGB1 and NDL proteins physically interact and since the stability of NDL1 in the root requires AGB1 (Figure  4) , we favor an alternative possibility that is also consistent with the genetic data, namely, that AGB1 and NDL proteins operate together, albeit in parallel, in the same signaling pathway. Such network architecture often contains homeostatic loops that regulate the activity or stability of protein pairs (Yeger-Lotem et al., 2004) .
G Protein Subunits and NDL Proteins Regulate Auxin Transport
The formation of lateral roots is regulated by auxin (Casimiro et al., 2001; Laskowski et al., 2006; De Smet et al., 2007; Fukaki et al., 2007) . Gradients of auxin in the root are established by the concerted action of (1) various auxin transporters that transport auxin both basipetally and acropetally, (2) auxin synthesis at the root tip, and (3) degradation/deactivation at other positions of the root. Basipetal and acropetal streams of auxin transport are required for lateral root initiation and emergence phases, respectively (Casimiro et al., 2001 ). We previously reported that agb1 (Ullah et al., 2003) and agg (Trusov et al., 2007) mutants have more lateral roots than the wild type, and we report here that ndl mutants have fewer lateral roots ( Figure 5B) . Therefore, we hypothesized that mutations in AGB1 and/or its partner Gg subunits as well as mutations in NDL confer changes in auxin transport and consequently the auxin gradient in roots. To test this hypothesis, we examined basipetal and acropetal auxin transport in roots of various NDL and G protein mutant backgrounds ( Figures 6A and 6B) .
The agb1-2 single mutant and the agb1-2 gpa1-4 and agg1-1 agg2-1 double mutants displayed increased basipetal auxin transport compared with the wild type. The single gpa1-4 and rgs1-2 mutants had basipetal auxin transport rates that were close to the wild type level. The agg1-1 mutant showed increased while agg2-1 mutants displayed reduced basipetal auxin transport compared with the wild type ( Figure 6A ). ndl1-1 and ndl1-2 both showed a decrease in relative transport, while ndlM1 and M2 lines also showed a decrease, corresponding with the decreased number of lateral roots. Both ectopic (35S) and (D) mRNA quantification of all the genotypes used was performed by qRT-PCR using gene-specific primers for NDL1, normalized to the ACTIN2 transcript level. Expression level of NDL2 and NDL3 in ndlM1 and ndlM2 lines is shown as an inset. Error bars represent SE. Student's t test results are based on differences between the wild type and the indicated genotype shown as asterisks: **, P < 0.05; ***, P < 0.005.
U n c o r r e c t e d P r o o f native (OX) overexpression of NDL1 resulted in increased basipetal auxin transport. Loss of AGB1 had no effect on this increased auxin transport conferred by native overexpression of NDL1, suggesting that NDL1 acts downstream of or in parallel to AGB1. Reduced expression of all three NDL genes in agb1-2 reduces (1.1-fold) the transport level toward wild-type levels ( Figure 6A ). Basipetal auxin transport directly correlated with the number of lateral roots. These results suggest that G protein and NDL family members regulate lateral root formation by affecting basipetal auxin transport.
Since both basipetal and acropetal auxin transport are responsible for changing local auxin gradients required to initiate lateral root formation, we also measured acropetal auxin transport in various genotypes. A significant and reproducible increase in acropetal transport was found in rgs1-2, in the agg1-1 agg2-1 double mutant, and in the NDL reduced lines both with and without AGB1 ( Figure 6B ). Overexpression of NDL1 showed the wild-type level of acropetal transport, indicating NDL proteins negatively affect acropetal auxin transport up to a threshold point. These findings suggest NDL proteins also regulate acropetal auxin transport and hence lateral root emergence as well as initiation.
These findings are in accordance with the pattern of NDL protein localization in the various regions and layers of the root. In the distal elongation zone of the root, NDL1 is localized in all the cell layers. Importantly, NDL1 is in the stele at a position that is higher than the root hair zone in the root (see Supplemental Figure 3G online), the site of acropetal auxin transport. NDL1 is localized in the initial stages of primordium formation ( Figures 2P  to 2S ). The G protein complex components RGS1, AGB1, AGG1, and AGG2 also have a specific pattern of protein localization in various regions of the root. In response to a signal, NDL proteins could be free or bound to the components of the G protein core to regulate basipetal and acropetal auxin transport.
NDL Proteins Positively Regulate the Auxin Carrier PIN2 and AUX1 Expression, and Auxin Negatively Regulates NDL1 Localization around the RAM Previously, we showed that AGB1 acts as a negative regulator of auxin-induced cell division, especially during formation of adventitious and lateral root primordia (Chen et al., 2006a ). AGB1 acts directly or indirectly to repress basal expression of 25% of the auxin-inducible genes in seedlings, including key genes (A) Basipetal auxin transport measured by applying [ 3 H]-IAA to the root apex and root-shoot junction as described in Methods.
(B) Acropetal transport measured as described in Methods. For both basipetal and acropetal transport, means 6 SE are shown. The means are based on at least five independent trials, each involving >10 roots per genotype. Student's t test analysis based on differences between the wild type and the indicated genotype are indicated by asterisks above the bars: ***, P < 0.001; **, P < 0.05. (C) qRT-PCR showing relative expression levels of PIN2 and AUX1 upon downregulation and overexpression of NDL1 and in agb1-2 and rgs1-2 mutants. Data represent means 6 SE of three replicates; similar results were obtained in three independent biological replicates. Student's t analysis based on differences between the wild type and the indicated genotypes are indicated by asterisks above the bars: ***, P < 0.0001. (D) to (F) Effect of auxin application on NDL1 protein levels in the wild type (D) and agb1-2 background (E) and on AGB1 expression levels (F). NDL1-GUS translational fusion and ProAGB1-GUS lines were treated with 1 mM IAA, for 12 to 14 h, followed by GUS staining. Auxin decreased NDL1 steady state level and auxin increased AGB1 expression compared with the untreated controls (c.f. Figures 4B, 4E , and 4H). Bar = 50 mm; each panel is equivalent in magnification.
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necessary for lateral root formation (Ullah et al., 2003) . NDL1 is a positive regulator of lateral root formation in the AGB1-mediated pathway. Because auxin transport rates are perturbed in NDL mutants and overexpression lines ( Figures 6A and 6B ), we determined the expression level of genes encoding the auxin efflux regulator PIN2 and the auxin permease AUX1 in NDL down-and upregulated lines. The steady state levels of PIN2 and AUX1 mRNA were significantly higher when NDL1 was overexpressed (sevenfold and fourfold, respectively). In ndlM1 and ndlM2 lines, PIN2 and AUX1 mRNA levels were significantly reduced. In agb1-2 and rgs1-2 mutants, NDL1 mRNA levels were not significantly different from wild-type levels ( Figure 6C ).
Several observations led us to hypothesize that AGB1, NDL1, and auxin operate in a feedback loop: (1) auxin transport streams are oppositely affected in agb1-null versus ndlM1 and ndlM2 lines (Figure 6 ), (2) NDL1 stability in the RAM requires AGB1 (Figure 4) , (3) a pulse of auxin alters AGB1 mRNA level (Ullah et al., 2003) , and (4) lateral and primary root growth are oppositely affected in the respective loss-of-function lines ( Figure 5 ).
NDL1-GUS translational fusion lines in wild-type Col-0 and the agb1-2 background were treated with 1 mM indole-3-acetic acid (IAA) for 14 h, and GUS staining patterns of auxin-treated and untreated roots were compared (three independent lines were tested). Results of one representative line are shown. IAA treatment resulted in decreased NDL1-GUS staining in the wild type and no effect in the agb1-2 background ( Figures 6D and 6E ) compared with untreated basal levels (Figures 4B and 4H ; part of the same experiment). IAA increased AGB1 expression (cf. Figures 4E and 6F ; see Supplemental Figure 7 online). ndl1-2 and agb1-2 mutants have the opposite auxin response root phenotype. This indicates that auxin treatment has a negative effect on NDL1 protein stability and a positive effect on AGB1 expression in the RAM, implicating both auxin-regulated, negative, and positive feedback loops in the RAM. Note that our results showing auxin-induced increase in AGB1 mRNA appear to be in contrast with the results of Ullah et al. (2003) , where it was reported that auxin causes a decrease in AGB1 transcript level. This difference may be due to different auxin exposure times used in the two studies. The previous work examined a shortpulsed application of auxin. That study also did not account for differences in AGB1 mRNA levels at the cellular level since whole seedlings were used. However, to mimic the expected chronic change in auxin levels caused by the observed difference in auxin transport, we treated roots with auxin over an extended time and then visualized the localization in the root tip, a site of high steady state level of NDL1 and of AGB1 expression.
NDL Proteins Are Involved in Establishing Auxin Maxima and/or Auxin-Induced Gene Expression
Because ndl mutants have a small but significant decrease in basipetal auxin transport and have enhanced acropetal transport ( Figure 6A ), we hypothesized that NDL proteins play a role in setting up local auxin gradients in the root and therefore modulate expression of auxin-responsive genes. We used the auxin reporter DR5-GUS line to examine indirectly the location of auxin maxima in roots (Ulmasov et al., 1997) . In the wild type, auxin maxima were observed at lateral root primordia (Figures 7A, arrows, and 7B to 7D); however, loss of NDL abolishes this pattern (cf. Figures 7E and 7F ). This change in the auxin gradient and the formation of lateral root primordia is consistent with the observed NDL regulation of auxin transport (cf. Figures 6A and  6B; i.e., a positive effect on basipetal transport and a negative effect on the acropetal transport stream). The observed auxin at the root tip ( Figure 7F ) is likely due to auxin synthesized there or transported in the acropetal stream.
In the wild-type background, DR5-GUS expression increased throughout the root with exogenous auxin application (0.1 mM IAA, 14 h; Figures 7G to 7J) . Notably, the tip region showed the maximum induction ( Figure 7J ). In the ndlM2 lines, the induction maxima were attenuated at the root tip ( Figure 7G versus 7K) ; however, in the rest of the root, DR5-GUS expression was greatly attenuated (Figures 7K to 7N ). Fifteen T1 independent lines were tested, and all roots showed the same pattern or in some cases, the expression level was lower throughout the root than the wildtype DR5-GUS expression. This suggests that exogenously applied auxin requires transport to achieve its effect since auxin transport is compromised in the ndlM1 and ndlM2 lines. Alternatively, NDL proteins may also regulate auxin sensitivity.
Since we observed significant differences between wild-type and ndlM1 and ndlM2 lines in lateral root phenotypes, changes in auxin transport, and changes in responsiveness of DR5-GUS, we conclude that ndl phenotypes are caused by defects in auxin transport and possibly also in auxin signaling.
Sucrose and D-Glucose Induce NDL1 Steady State Protein Levels
RGS1-coupled, G protein signaling plays an important role in sugar signaling in Arabidopsis Chen and Jones, 2004; Johnston et al., 2007; Grigston et al., 2008) . Since NDL1 is a physical interactor of AGB1/AGG and RGS1, and since RGS1 is a candidate sugar receptor, we tested the NDL1 steady state levels in response to various sugars. NDL1-GUS translational fusion lines in wild-type Col-0 and the agb1 backgrounds were treated with various sugars, and the GUS pattern was examined to determine indirectly the effect of sugar on NDL protein steady state levels. Various concentrations of sugars (sucrose, D-glucose, L-glucose, sorbitol, glucuronate, and gluconate) ranging from 0 to 300 mM were applied to light-grown seedlings for various time intervals (see Supplemental Figure 8 online). Light increases the steady state level of NDL1 even in the absence of sugar treatment probably because of sugar synthesized by photosynthesis (see Supplemental Figure 8 online) ; consequently, sugar treatment in light-grown seedlings had higher basal levels of GUS staining compared with dark-grown seedlings (cf. no sugar treatment in Supplemental Figure 8 to Figure 8G ).
Dark-grown seedlings were used for sugar treatments in order to observe a larger induction difference. Treatment with sugar (100 mM, ;2%) for 8 h was optimal and was used in further experiments. We found that sucrose and D-glucose increased the NDL1-GUS activity, which was higher ( Figures 8A and 8B ) than in control plants ( Figure 8G ). Sorbitol and L-glucose treatment showed no induction of GUS activity ( Figures 8H and 8I) , indicating the effect was stereospecific and not due to osmotic U n c o r r e c t e d P r o o f stress. AGB1 expression also increased upon D-glucose and sucrose treatment ( Figures 8C and 8D ) compared with the untreated control ( Figure 4E ). In the absence of AGB1, sugars were able to restore NDL1 levels closer to the wild-type, untreated levels ( Figures 8E and 8F for untreated controls; see Figure 8G for dark-grown and Figure 4B for light-grown levels). This suggests interplay of sugar and AGB1 in regulating the steady state NDL1 levels in roots.
Sugars Increase Lateral Root Formation and the Auxin Gradient in the Root Tip
Because NDL1 protein showed increased steady state levels in response to sucrose and D-glucose, we tested the response of these two sugars on lateral root formation in various NDL downregulated and upregulated backgrounds. Exogenous sucrose and D-glucose increased the number of lateral roots in all genotypes tested (the wild type, agb1-2, rgs1-2, ndl, and NDL1OX) compared with the respective no-sugar controls (Figure 8J) . Consistent with rgs1 hyposensitivity to sugars, D-glucose was less effective at stimulating lateral root formation in the rgs1-2 mutant. Both sucrose and D-glucose stimulated lateral root formation in agb1-2 compared with the wild type. In the absence of NDL proteins, fewer lateral roots formed. Overexpression of NDL1 increased the number of lateral roots even in the absence of sugars. Sucrose, but not D-glucose, had an additional stimulatory effect.
Compared with the control, the number of sugar-induced lateral roots was reduced significantly upon naphthylphthalamic acid (NPA) treatment for all the genotypes other than agb1-2 ( Figure 8K ). agb1-2 was hyposensitive to NPA treatment in the absence of sugars, confirming findings by Pandey et al. (2008) . In the presence of sugars, the effect of NPA was less for agb1-2 compared with other genotypes (other than ndlM2), which 
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showed a similar sensitivity to NPA as the wild type. These results suggest that sugar stabilizes the steady state levels of NDL proteins. In this scenario, the increase in NDL1, and hence the sugar effect on lateral root formation, is mediated by auxin transport.
In order to test this hypothesis, we used the auxin reporter DR5-GUS line to examine the effect of sugar on local auxin gradients. Three-day-old, dark-grown seedlings were treated with 300 mM sucrose and compared with the untreated control after 12 h. In untreated seedlings, local auxin maxima are confined to the meristem (Figures 8L and 8M) . Upon sugar treatment, the auxin gradient spreads to the layers above and below the meristem ( Figures 8N and 8O , compare position of red arrows). This indicates that sugar has a positive effect on the free auxin gradient and transport at the root tip. A recent report also showed that in wild-type roots, basipetal auxin transport increases with increasing glucose concentrations (Mishra et al., 2009) .
DISCUSSION
We propose a novel signaling cassette minimally comprised of RGS1, the heterotrimeric G protein complex subunits (GPA1, AGB1, and AGG), and NDL1. Putative NDL orthologs (NDR proteins) were previously reported from animals as well as from plants, but their function was unclear. We provide evidence that they are members of the Gbg signaling pathway in plants and speculate that this is true for animal cells. (J) and (K) Sugar-induced lateral root formation in the absence (J) and presence (K) of NPA in various G protein and NDL genotypes. Student's t test analysis based on differences between sugar treatment of the wild type and the indicated genotypes are indicated by asterisks above the SE: ***, P < 0.001; **, P < 0.05. Sugar treatments are compared to control in the wild type or controls among all genotypes. These experiments were repeated three times, and the same pattern of lateral root formation was observed. For each experiment, 15 to 20 seedlings were counted. 
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Indirect evidence from work with animal cell lines supports a possible role for these genes in cell proliferation and/or differentiation. NDR1 expression is repressed by proto-oncogenes N-myc and C-myc in embryonic cells and in proliferating tumors cells (van Belzen et al., 1998; Shimono et al., 1999) . NDR1 expression is upregulated by tunicamycin, calcium ionophore, hypoxia (Salnikow et al., 2000; Lachat et al., 2002) , and at G1/G2 stages of the cell cycle (Kurdistani et al., 1998; Piquemal et al., 1999; Guan et al., 2000) . In mast cells, NDR1 is phosphorylated and interacts with HSP70 (Sugiki et al., 2004a (Sugiki et al., , 2004b . NDR1 proteins are members of the lipase/esterase superfamily containing an a/b hydrolase fold and fall specifically within a subfamily that lacks the canonical catalytic triad ). The precise molecular and cellular function of NDR proteins is unknown, but one NDR protein, NDRG1, is a novel effector for the small GTPase, Rab4a, and is important in recycling E-cadherin in proliferating cells (Kachhap et al., 2007) . NDR genes were isolated by mRNA differential display between differentiated and proliferating tumor cells (e.g., human myelomonocytic U937 cells and human mammary carcinoma MCF-7 cells). The human NDR1 gene is downregulated in tumor cells and upregulated in differentiated cells that cease to proliferate. The hypothesized functions for NDR1 include a role in cell growth arrest and terminal differentiation (van Belzen et al., 1998; Piquemal et al., 1999; Guan et al., 2000) . We speculate that while it is possible that NDL/NDR protein functions in plants and animal cells manifest differently, their function in a G protein pathway is the same. For example, a possible function of NDR proteins in animal cells is to attenuate cell proliferation, while Arabidopsis NDL1 promotes cell proliferation, specifically of pericycle cells, leading to the formation of lateral roots.
Both cell proliferation and lateral root formation involve Gbg (Dhanasekaran et al., 1998; van Belzen et al., 1998; Shimono et al., 1999; Ullah et al., 2001; Chen et al., 2003) . Our previous work established that AGB1 acts as a negative regulator of auxin-induced cell division in lateral root formation and speculated that AGB1 blocks reentry into the cell cycle (Ullah et al., 2003; Chen et al., 2006a) . Gene expression profiles of wild-type and agb1-2 seedlings upon IAA treatment showed that a set of auxin-regulated genes are derepressed in the agb1-2 background. One of these is LATERAL ROOT PRIMORDIA, a gene essential for lateral root formation (Smith and Fedoroff, 1995) . Previously, it was shown that auxin-induced cell division does not strictly require a G protein for direct coupling but rather that the sensitivity toward auxin is attenuated by G proteins (Ullah et al., 2003) . Trusov et al. (2007) showed that AGB1/AGG1 is expressed in the central vascular cylinder, while AGB1/AGG2 is expressed in the cortex and epidermis. They hypothesized that AGB1/AGG1 and AGB1/AGG2 regulate acropetal and basipetal auxin transport, respectively, within their respective tissues (Trusov et al., 2007) . Although the role of G protein components has been well established in lateral root formation, the mechanism by which they act was previously unknown. Here, we report altered auxin transport in various G protein mutants as well as in various NDL1 genetic backgrounds. We conclude that NDL1 is a component of G protein signaling and is a positive regulator of primary root length and lateral root formation. It is well established that auxin transport promotes lateral root initiation and plays an important role in root growth (Casimiro et al., 2001; Grieneisen et al., 2007) . We show that G protein components and NDL1 act on basipetal and acropetal auxin transport to regulate lateral root formation. (A) Physical interaction model. NDL1 is shown as part of the G protein-coupled pathway on the membrane. Interactions that have been shown here are between the AGB1 and RGS1 with NDL proteins. Previous work described in the text supports interactions between RGS1 and GPA1 and between GPA1 and AGB1 in Arabidopsis. (B) Genetic and biochemical interaction model. Epistasis analysis predicts that AGB1 and NDL proteins act, at least in part, via independent parallel pathways. The genetic data are also consistent with AGB1 and NDL1 acting in a complex where NDL1 is a positive and AGB1 is a negative regulator of lateral root formation, but the mechanism is unclear as represented by the bracket. NDL1 and AGB1 regulate auxin-induced lateral root formation via their effect on auxin transport. NDL1 promotes the flux of the basipetal stream of auxin transport and hence on lateral root initiation. AGB1 has the opposite action. AGB1, sugars, and auxin operate on NDL in the feedback loops indicated by the wavy lines. The scheme does not illustrate the redundant nature of the three NDL proteins. L.R., lateral root.
Mature Arabidopsis roots are self-sufficient in auxin biosynthesis with auxin maxima existing in the quiescent center (Grieneisen et al., 2007; Petersson et al., 2009) . Local auxin biosynthesis and transport establishes and maintains the auxin gradient in the root, which in turn instructs lateral root initiation (in a zone basal to the RAM) (Dubrovsky et al., 2000; Grieneisen et al., 2007; Petersson et al., 2009 ) and emergence phases (Casimiro et al., 2001; Bhalerao, et al., 2002) . We found that the localization pattern of NDL1 protein at the root apex (Figures 2B  and 2N ; see Supplemental Figure 3F online), for the most part, coincides with the auxin maxima in the root. We show that the stability of NDL1 at the primary and lateral root meristem is positively regulated by sugar and AGB1, whereas it is negatively regulated by a high concentration of auxin (1 mM). By contrast, long-term exposure of auxin has a positive effect on AGB1 expression. We propose that this posttranslational regulation of NDL1 by auxin, sugars, and AGB1 is required to maintain the optimal NDL concentration, to achieve normal basipetal and acropetal auxin transport needed to regulate lateral root initiation and emergence, and to define the zone of lateral root formation in the root. These findings indicate a highly regulated network of positive and negative feedback loops to fine-tune auxin transport.
Putative NDR orthologs had not been studied previously in a eukaryotic multicellular context or linked to the G protein pathway. For plants, the AGB1/NDL complex indirectly modulates expression of auxin transport components, such as the PIN2 proteins and AUX1 (Friml et al., 2002; Benjamins et al., 2005; Geisler et al., 2005; Wisniewska et al., 2006; Grieneisen et al., 2007; Zazimalova et al., 2007; Bainbridge et al., 2008; Benjamins and Scheres, 2008) . While the biochemical function of NDL proteins is unknown, the similarity of NDL1 to lipases permits us to speculate that NDL1 alters membrane composition resulting in altered PIN protein activity or location.
Disruption of auxin influx carrier proteins also results in abnormal phyllotaxis and clusters of primordia and reduced auxin maxima and coordinated PIN polarization (Bainbridge et al., 2008) . Auxin patterns established by polar auxin transport are also critical throughout plant development, and AGB1 is also known to regulate or couple signaling pathways in organs beyond the root. This begs the question of a possible role for NDL in aerial tissue development. A preliminary answer comes from characterization of the loss-of-NDL-function lines. Reducing NDL protein levels confers a number of aerial phenotypes that likely result from an altered auxin economy or distribution pattern.
In Arabidopsis, high concentrations of exogenous auxin trigger nearly all of the pericycle cells adjacent to protoxylem poles to divide to form lateral root primordia (Himanen et al., 2002) . Overexpression of auxin biosynthesis genes also produces more lateral roots. In addition, inhibition of polar auxin transport from its site of synthesis in the upper parts of the plant to the root also inhibits the formation of lateral roots. One view is that deprivation of auxin keeps pericycle cells in the G1 phase, while readdition of auxin promotes the G1/S transition (Stals and Inze, 2001) . Various cell cycle regulators like cyclin D, cyclin-dependent kinase, and its inhibitor KRP2 are also implicated in lateral root initiation (Casimiro et al., 2003) . In our search for NDL1-interacting proteins through yeast three-hybrid screens, we found CYCLIN-DEPENDENT REGULATORY SUBUNIT2 (AT2G27970) as a candidate interacting partner, suggesting NDL1 acts at the cell cycle level in the process of lateral root formation.
Interplay of auxin and sugars in induction and differentiation of the vasculature has been known since the 1950s, but the molecular mechanism and components involved in the pathway were not known. Classical experiments performed by Wetmore showed that auxin and sugars can lead to differentiation of vascular cells in callus of Syringa (Wetmore and Sorokin, 1955) . A specific ratio of auxin and sugars is required for the induction and complete differentiation of xylem and phloem in callus tissue of angiosperms (Wetmore and Rier, 1963) . There are three mutants linking auxin and glucose signaling pathways: the glucoseinsensitive mutant gin2, the turanose-insensitive tin, and hls1 (Moore et al., 2003; Gonzali et al., 2005; Ohto et al., 2006) . A report using whole-genome approaches in Arabidopsis described a glucose interaction with auxin signaling and transport to regulate root growth and development (Price et al., 2004) . Mishra et al. (2009) concluded that the glucose effect on plant root growth and development is mediated by auxin signaling components.
Since we found that NDL1 interacts with AGB1 and RGS1, we propose that NDL1 acts as part of a multimeric protein complex to regulate auxin transport at the membrane. Current (Figures 1A and 1B) and previous data from our lab and other labs support the G protein component interactions shown in Figure 9A (e.g., Mason and Botella, 2001; Chen et al., 2003; Kato et al., 2004; Chen et al., 2006c; Fan, et al., 2008) .
The scheme shown in Figure 9B summarizes the genetic (straight arrows) and biochemical (wavy arrows) interactions found in this study. Sugars (Figures 8A and 8B ; see Supplemental Figure 6A ) and acropetal ( Figure 6B ) auxin transport and thus modulate lateral root initiation and emergence ( Figures 5A and 5B ).
METHODS
Protein-Protein Interaction by Complementation Screening in Yeast
The coding sequence of AGB1 was cloned into the pBridge vector (Clontech) as a DNA-BD fusion protein. AGG1 or AGG2 was cloned in the same plasmid driven by the MET25 promoter to provide Met repression (primers and restriction site information provided in Supplemental Table  1 online) . Three cDNA expression libraries as prey activation domain fusions were interrogated. pACT2 was used as the plasmid backbone for U n c o r r e c t e d P r o o f the libraries prepared using the Clontech Matchmaker cDNA Library kit (Clontech). Interactions were scored by growth on histidine and adenosine drop-out media as described and confirmed by expression of b-galactosidase enzyme. All media and reagents were made as indicated by the manufacturer (Clontech). To confirm the results of the screen, entry clones for all three NDL gene family members were created in the pENTR/ D-TOPO vector (Invitrogen) and then recombined into the activation domain (AD)-containing and pBridge-compatible pACTGWattR GATE-WAY vector (Nakayama et al., 2002) . Yeast three-hybrid interactions were confirmed by transforming AH109 strain with pBridge containing AGB1/ AGG2 or AGG1 and interactors in the pACTGWattR backbone.
Phylogenetics
A multiple-sequence alignment was generated with ClustalX (Thompson et al., 1997) . The Gonnet series of matrices was used with gap opening and extension penalties of 10 and 0.2, respectively. For the phylogenetic analysis, the alignment was manually adjusted with major gaps removed. The phylogenetic tree was calculated with MrBayes (Huelsenbeck et al., 2001; Ronquist and Huelsenbeck, 2003) . The fixed equalin model with an inverse g rate was used. A sampling frequency of 100 was used for three independent runs of 100,000 generations. All nodes had higher than an 80% credibility score.
Plant Material
The ecotype used here was Col-0. Mutations were generated by T-DNA insertion (ndl1-1 and ndl1-2) or by the indicated RNA silencing constructs (ndlM1 and ndlM2; see Supplemental Figure 6 online for primer design). agg1-1, agg2-1 (Trusov et al., 2007) , agb1-2 (Ullah et al., 2003) , and rgs1-2 (Trusov et al., 2007 ) mutants have been previously described. Arabidopsis thaliana seeds were surface sterilized then stratified for 2 d. Seeds were sown on half-strength Murashige and Skoog (MS) plus 1% sucrose.
Cloning of NDL Gene Family Members and Derivative DNA Constructs and Expression
The NDL1 mRNA obtained in the Y3H screen was full length. The NDL1 coding region was PCR amplified from the yeast clone. NDL2 and NDL3 cDNA was PCR amplified using first-strand Arabidopsis cDNA as template. All three genes were cloned into pENTR D/-TOPO (Invitrogen) and sequenced. Expression vectors were generated by recombination using GATEWAY technology (Invitrogen). Oligonucleotides used in this study are shown in Supplemental Table 1 online.
The NDL1 cDNA was cloned into plasmid ½AQ3 pGWB21 (N-myc), pK7FWG2 (N-and C-GFP), and pGWB45 (N-CFP). A genomic fragment of NDL1 containing both 780 bp of the 59 promoter and the entire gene was cloned and recombined into pGWB3 (GUS), pGWB4 (GFP), pGWB40 (YFP), and pGWB43 (CFP). The NDL1 promoter was cloned into pGWB3 (GUS) and pGWB4 (GFP) (Nakagawa et al., 2007) . Designations of derivative plasmids are provided in Supplemental Table 2 online.
mRNA Quantification RNA was isolated from various tissues using Trizol (Invitrogen). RT-PCR was performed using the ThermoScript RT-PCR system (Invitrogen). First-strand cDNA synthesis was performed using an oligo(dT) primer. RT-PCR reactions were performed using internal gene-specific primers. For qRT-PCR, first-strand cDNAs were synthesized as described for RT-PCR. qRT-PCR primers were designed using Beacon designer 7.5 software from Premier Biosoft International and GenScript real-time PCR (TaqMan) Primer Design (http://www.genscript.com/ssl-bin/app/ primer). Fragments ranging from 98 to 133 bp for NDL1, NDL2, NDL3, AUX1, and PIN2 were amplified (for GenBank accession numbers and primer sequences, see Supplemental Table 1 online) to quantify transcript levels. Fifty-microliter reactions for qRT-PCR contained 25 mL of SYBR GREEN PCR Master Mix (Applied Biosystems), 100 ng of cDNA from the first-strand cDNA synthesis reaction, and primers specific for the gene to be quantified or the reference gene (ACTIN2) at final concentrations of 0.2 pmol/mL. Reactions were performed in triplicate, and three biological replicates were done.
NDL1 Structure Modeling
The NDL1 protein sequence was submitted to the BioInfoBank MetaServer (http://meta.bioinfo.pl) for protein fold recognition and template identification (Ginalski et al., 2003) . The MetaServer obtains a consensus of results from fold recognition servers: 3D-PSSM, Fugue, Inub, Sam-T02, and mGenThreader. Five different homology models were built based on five different templates identified by the MetaServer. The models were built using the homology suite of Insight II (Accelrys), and the sequence structure compatibility of the generated atomic models was evaluated using Profiles-3D. The model with the highest score had the best fold and was selected as the final model.
Promoter and Genomic Fragment of NDL1
The NDL1 gene was PCR amplified from 1000 bases upstream of the start codon to the last codon (plus or minus the stop codon as appropriate) using high-fidelity Phusion (Finnzymes). The resulting products were cloned into pENTR D-TOPO and verified to be error free.
Arabidopsis Plant Transformation
Binary vector constructs were mobilized into the Agrobacterium tumefaciens strain GV3101 by electroporation. Arabidopsis plants were transformed using the floral dip method (Clough and Bent, 1998) . Transformed plants were selected on half-strength MS plus 1% sucrose growth medium containing the appropriate antibiotic selection.
GUS, Lipase-Esterase, and Lateral Root Assays
Histochemical GUS staining was performed as described by Malamy and Benfey (1997) . All samples were gently degassed for 5 min. After staining overnight at 378C, the samples were rinsed three times (378C, 75% ethanol) and stored in 75% ethanol.
Lateral root assays were performed as described by Ullah et al. (2003) . Briefly, lateral root density is calculated as the number of discernable primordia and emergent roots per centimeter of primary root length of 9-to 10-d-old seedlings grown on vertical plates (half-strength MS, 1% sucrose, and 0.75% agar, 228C, 8:16 light:dark cycle). To assay for auxininduced lateral root formation, seedlings were first grown horizontally for 9 d on 5 mM NPA (half-strength MS plus 1% sucrose) and transferred to vertical plates with or without 0.1 mM NAA for 5 ½AQ4 d under continuous light. To assay sugar-induced lateral roots, seeds were plated on solid media (half-strength MS, 1% sucrose, and 0.75% phytoagar) with various concentrations of sugars with and without NPA (5 mM), and seedlings were vertically grown for 9 d (8:16 light:dark cycle). Lateral root number and primary root length were determined using light microscopy.
The NDL1 coding region in pENTR D/-TOPO was recombined into the pDEST 17 vector, and poly-Histidine-tagged NLD1 protein was produced by expression in Escherichia coli strain BL21 (DE3)pLysS (Promega). Recombinant NDL1 was affinity purified using TALON resin according to the manufacturer's protocol (Clontech). Partially purified protein was obtained, and lipase-esterase assays were performed using the Quantichrom lipase assay kit (Bio Assays Systems). Lipase-esterase activity was also tested using various r-nitro phenol esters of different alkyls as substrates (Yang et al., 2002) .
IAA, NPA, and the indicated sugars were purchased from SigmaAldrich. IAA and NPA were purified further to >99% purity. Sugar stocks were prepared fresh.
Agrobacterium-Mediated Transient Expression and Coimmunoprecipitation in Nicotiana benthamiana
Cotransformation of N. benthamiana with Agrobacterium harboring plasmids expressing either an N-flag-AGB1 in pGWB12, N-CFP-NDL1 in pGWB45, or N-GST-NDL1 in pGWB22 was performed. After transient expression for 22 h, N. benthamiana leaves (0.3 g) were harvested and immunoprecipitations were performed (Day et al., 2006) . Antibodies were obtained from the following manufacturers: anti-FLAG, Sigma-Aldrich; anti-GFP, Invitrogen; and anti-GST, Invitrogen. Protein A Sepharose was used (Pierce Biotech). Protein samples were analyzed by SDS-PAGE on 12% polyacrylamide gels (Laemmli, 1970) and transferred for immunoblot analysis by electrophoretic transfer to nitrocellulose membranes. Membranes were probed using anti-Flag, anti-GFP, and anti-GST primary antibodies.
Generation of miRNA Lines with Reduced NDL Gene Family Expression
Two common regions unique to three members of Arabidopsis NDL genes (59-TAGCTCCTAACTCATGCCGAG-39 and 59-TCCATTCAGAC-CATGAAGGTG-39) were selected, and miRNAs were designed using WMD2-Web MicroRNA Designer Web tool (http://wmd.weigelworld.org/ cgi-bin/mirnatools.pl) except that primers A and B were replaced by Micro topo A and Micro topo B primers (see Supplemental Table 1 for sequence and Supplemental Figure 6 for primer design). Six T2 lines from each miRNA target set showing significant downregulation of NDL1 were characterized. An important finding was that in the T3 generation, silencing by miRNA was lost.
Auxin Transport Assays
Basipetal and acropetal auxin transport measurements were performed in various genetic backgrounds as described by Lewis and Muday (2009) . Seedlings were grown vertically under short-day conditions (8 h light and 16 h dark; 100 mmol m 22 s 21 ) for 5 to 7 d on half-strength MS with 1% sucrose. Ten to fifteen seedlings were moved to a fresh plate and aligned at the root tip, and [ 3 H]-IAA agar lines (final concentration = 100 nM) were applied to the aligned root tips of the seedling for basipetal auxin transport assays. Plates were incubated vertically in the light chamber (100 mmol m 22 s 21 ) for 5 h. Subsequently, the first 2 mm of the root tip touching the radioactive agar were discarded and the 5-mm section of the root above the site of cut was assayed for radioactivity by scintillation counting. For acropetal auxin transport assays, [ 3 H]-IAA agar lines (final concentration = 200 nM) were applied just below the root-shoot junction. Plates were wrapped with aluminum foil, inverted, and incubated vertically in the dark for 18 h. After incubation, agar lines were removed and 5-mm sections from the root tip were cut and assayed as described for basipetal transport.
Microscopy
Subcellular localization of NDL1-fluorescent protein fusions were performed using a Zeiss LSM510 confocal laser scanning microscope and Olympus XI81 inverted microscope platforms. Light microscopy was performed using a Nikon inverted microscope DIAPHOT-TMD. Root samples were cleared with a chlorohydrate solution (80%) before imaging. Cross and longitudinal sections of the GUS-stained roots were prepared using JB-4 plastic (Electron Microscopy Sciences) as described in John Schiefelbein lab protocols (http://www.mcdb.lsa.umich.edu/ labs/schiefel/protocols.html). Sections of 10-mm thickness were cut using a triangular glass knife with a microtome (2065 Supercut Microtome), transferred to slides mounted with permount, and imaged.
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